Prostate specific antigen (PSA) testing is now a routine part of the investigation of men with suspected prostate cancer. While a very useful test it still has its problems, in particular its lack of specificity means abnormal results are often caused by benign disease. This review describes the current problems with PSA testing in prostate cancer diagnosis and highlights potential ways in which these may be reduced. 
P
rostate specific antigen (PSA) is now a well established tumour marker that aids the diagnosis, staging, and follow up of prostate cancer. Discovered in the early 1970s, the first commercial assay for PSA was approved in 1986 and the first clinical applications were reported soon after, showing it to be superior to the previously used marker, prostatic acid phosphatase. 1 Biochemically, PSA is a serine protease, also known as human kallikrein 3 (hK3). It is a member of a homologous group of proteases, the human glandular kallikrein family that are coded for by genes located on chromosome 19q. 2 Its physiological function is to dissolve the gel formed after ejaculation and thereby permit sperm movement in the female genital tract. 3 The majority of PSA produced by the prostate is excreted in the semen but a small proportion "leaks" into the systemic circulation. Studies by Stamey et al showed that, on a weight for weight basis, prostate cancer tissue released 30 times more PSA into the circulation than normal prostate tissue, perhaps because of loss of normal tissue architecture. 1 Unfortunately other diseases of the prostate such as benign prostatic hyperplasia (BPH) and chronic inflammation also cause increased PSA release into the circulation. As essentially the same group of men are at risk of BPH, chronic infection and cancer this has somewhat reduced the utility of serum PSA as a diagnostic test. Figure 1 illustrates this problem. The traditional cut off of 4 ng/ml that has been used to identify which men need further investigation has a sensitivity for detecting cancer of approximately 75% but a specificity of only 40%. This means that if all men with a PSA >4 ng/ml undergo prostate biopsies more than half will not be diagnosed with cancer, and indeed in the PSA range 4-10 ng/ml the detection rate is only about 25% (table 1) . 4 5 Other clinical dilemmas have also become apparent as PSA testing becomes widespread. For example up to 45% of men with organ-confined prostate cancer have a PSA <4 ng/ml, 6 and therefore if these potentially curable men are to be diagnosed, methods of increasing the sensitivity of the test are vital. Some negative biopsies in men with PSA >4 ng/ml are due to sampling error and the questions of whom to rebiopsy and when have also been the subject of intensive research (box 1).
A further problem has been that the rapid introduction of PSA testing into clinical practice has been accompanied by the development of numerous commercial assays; over 80 are available in Europe alone. Many have utilised the same reference ranges developed in initial studies without performing rigorous standardisation experiments, even though the variability between assays has been shown to be as high as 20%. 7 In this review methods that have been used to improve the accuracy of PSA in diagnosing prostate cancer will be described (box 2). Firstly, so-called PSA derivatives (age specific PSA, PSA density, and PSA velocity) will be discussed. All utilise the standard method of PSA measurement, but combine this with another variable in order to improve sensitivity and specificity. The finding that the serum distribution of PSA (either free or bound to various proteins) is altered in prostate cancer has led to methods of refining its use based on these properties and these will be reviewed in the second section. Finally, new markers such as human kallikrein 2 (hK2) and prostate specific membrane antigen (PSMA), which are still in the early stages of clinical assessment, will be discussed. 
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PSA DERIVATIVES
Age specific PSA It has been shown quite convincingly that PSA levels increase with increasing age. 8 As well as the contribution from increasing prostate size this seems to be due to increased "leakiness" of the prostatic epithelium. This is thought to be due to subclinical inflammation or microscopic foci of cellular atypia. 9 Age specific PSA levels would therefore be expected to both increase the pickup of prostate cancer in younger men and reduce the number of biopsies performed in older men. Some guideline values are shown in table 2; these differ slightly between black and white men. 10 Age specific PSA has been shown to increase detection of prostate cancer in younger men (50-59 years) by 15%, although at a price of a 45% increase in the number of biopsies performed. 11 This same study showed that in men over 70 years, because 44% fewer biopsies were performed, nearly half of all organ-confined cancers were missed. Partin et al found similar results but did observe that of the missed T1c cancers (that is, impalpable and detected on random biopsy) in the older men, 95% were of favourable histology and unlikely to be significant. 12 Others have disputed this, 13 and the use of age specific PSA values in men over 60 years remains controversial.
PSA density
The concept of PSA density is based on the assumption that, as non-neoplastic prostate tissue (especially BPH) does leak some PSA into the circulation, for PSA to be useful in diagnosing prostate cancer, values should be corrected for total gland volume. Transrectal ultrasound is used to produce an estimate of gland volume ( fig 2) and a threshold of 0.15 has been suggested as being discriminatory for cancer. 14 Though clearly attractive in theory, initial reports showed that use of PSA density did not reduce the need for biopsy in the crucial group of patients with PSA 4-10 ng/ml. 15 One group did suggest it might be of benefit in patients with PSA >10 ng/ml, 16 but this is a small group of patients with large prostates. Worryingly a recent report that has retrospectively looked at the accuracy of PSA density in a screened population has suggested that using a cut off of 0.15 may lead to over 30% of cancers being missed. 17 Djavan et al suggested that measuring the volume of the transition zone of the prostate (the area most affected by BPH) might improve the accuracy of PSA density in men with PSA 4-10 ng/ml. 18 They demonstrated that if cut off values were adjusted so that 95% of cancers would be detected, the specificity of PSA transition zone was 47% compared with 26% for PSA density and only 6% for PSA alone. Despite this finding, the use of PSA density in this group of patients has not gained widespread acceptance and a major reason for this is the variability in the measurement of prostate volume with transrectal ultrasound.
An area where PSA density measurements may have more of a role is in deciding which men need a rebiopsy after an initial negative biopsy. 19 
PSA velocity
The rate of increase in serum PSA with time or PSA velocity is another method that has been proposed to improve performance of the assay. First data came from the Baltimore Longitudinal Ageing Study. 20 This was a retrospective study on frozen serum specimens that suggested men with a PSA velocity of >0.75 ng/ml/year had an increased chance of prostate cancer.
Problems with this method occur because of day to day variations in PSA, which can be up to 25% in the same individual. 21 22 Hence, in order to reliably detect a difference long periods (3-5 years) are required between measurements. Box 1: The aims of improving the utility of PSA in prostate cancer diagnosis
• To reduce false positive results (increase specificity).
• To reduce false negative results (increase sensitivity).
• To indicate which men with negative prostate biopsies need rebiopsy and when.
Box 2: Proposed methods for improving diagnostic accuracy in prostate cancer
PSA derivatives
• Age specific PSA.
• PSA density.
• PSA velocity.
Methods based on PSA binding
• Free to total PSA ratio.
• Alpha-1-antichymotrypsin complexed PSA.
Novel markers
• Human kallikrein 2.
• Prostate specific membrane antigen. Figure 2 Transrectal ultrasound of the prostate.
Utility of prostate specific antigen in the diagnosis of prostate cancer
It could not, therefore, be regarded as a safe method, as delaying biopsy in men with a PSA >4 ng/ml means potential cures could be missed. The variability between different assays for PSA has been mentioned above and clearly if PSA velocity is to be of any practical use, follow up must be based on measurement in the same laboratory by the same method. Its main clinical utility is likely to be in older men (>70) who are not candidates for radical surgery but in whom close observation is required in order to optimise the timing of hormonal therapy. PSA velocity may be useful in monitoring men with a negative initial biopsy, and it has been suggested that a lower cut off value of 0.4 ng/ml/year be used as a threshold for rebiopsy in these patients. 23 It may also be useful in those men with an initial PSA <4 ng/ml.
METHODS BASED ON THE SERUM DISTRIBUTION OF PSA
PSA that reaches the serum is either free or bound to plasma proteins (table 3) . The most important binding proteins are alpha-1-antichymotrypsin (ACT), alpha-2-macroglobulin (A2M), and alpha-1-trypsin (or protein) inhibitor (API). Over 80 monoclonal antibodies have been described for the immunoassay of PSA and its molecular structure has been divided into six antigenic regions. When it is protein bound many of the epitopes on the PSA molecule are not available for antibody binding. Indeed when bound to A2M PSA is not detectable using standard methods (fig 3) . Hence it has been possible to develop antibodies that recognise free PSA (fPSA) only.
Free to total PSA ratio
This was the first test to emerge based on the measurement of different PSA forms and relied on the development of antibodies that recognised only fPSA. It is important to bear in mind that while the conventional PSA tests purport to measure "total" PSA (tPSA) they do not measure that proportion bound to A2M. Hence the free to total (f/t) PSA ratio is effectively the ratio of fPSA to the sum of fPSA and that bound to ACT and API. 24 f/t PSA = fPSA / (fPSA+ ACT PSA + API PSA) In men with prostate cancer there seems to be a lower proportion of fPSA and this has been expressed as a decrease in the f/t PSA ratio. The reasons for this are not fully understood. Studies in 1991 demonstrated that there is a higher proportion of PSA bound to ACT in prostate cancer, 25 26 and it has been suggested that this is because of increased ACT production by prostate cancer cells. 27 Another theory is that PSA from BPH is of a different isoform with multiple internal cleavages leading to an altered three dimensional structure that preferentially binds to A2M. 28 As this is not detected by conventional tests for tPSA overall tPSA would be lower and hence the f/t PSA higher.
Initial clinical studies using the f/t PSA ratio were based on populations with a wide range of PSA values and while showing promising improvements in specificity were not clinically useful. Catalona et al in 1998 reported the results of a multicentre prospective trial designed to investigate the utility of the f/t PSA ratio in patients with a PSA in the range 4-10 ng/ml. 29 They reported outcome data for two different cut off levels. Using a f/t PSA ratio of >25% to determine biopsy, 95% of cancers were detected and 20% of unnecessary biopsies avoided. At a cut off of 22%, sensitivity for detecting cancer dropped to 90% but unnecessary biopsies were now reduced by 29%. These findings resulted in Food and Drug Administration approval of the f/t PSA for use in men with a PSA of 4-10 ng/ml.
When compared with other methods of deciding which men to rebiopsy after an initial negative biopsy f/t PSA has the best performance. 30 In this study of 820 men with a PSA 4-10 ng/ml and an initial benign biopsy, using a cut off of a f/t PSA ratio of 30% provides the best discrimination, detecting 90% of cancers and reducing unnecessary biopsies by 50%.
Another scenario in which f/t PSA ratio has shown promise is in men with PSA levels of less than 4 ng/ml. At a f/t PSA cut off of 27%, 90% of cancers were detected and 18% of benign biopsies were avoided. 31 Recently, an assay to measure A2M PSA has become available. The proportion of A2M PSA decreases in prostate cancer and combining this measurement with percentage free PSA enhances specificity of the test. 32 Alpha-1-antichymotrypsin complexed PSA As mentioned above, the reason for the decreased f/t PSA ratio in prostate cancer is thought, at least in part, to be due to an increase in binding to ACT. Until recently there have not been accurate assays for the measurement of ACT complexed PSA but these are now available. 33 One theoretical advantage they have over the f/t PSA ratio is that only one variable is being measured. This would be expected to reduce the interassay variability seen with the use of the f/t PSA ratio, 7 34 which it has been suggested might limit its widespread applicability. It is also likely to have benefits in terms of use of resources. A recent study has demonstrated that API complexed PSA actually falls in men with prostate cancer. 35 As this contributes to the tPSA in conventional assays it might actually reduce the effectiveness of the f/t PSA ratio and is another reason that ACT complexed PSA might be expected to be an improvement. Despite these theoretical advantages initial retrospective reports of the use of ACT complexed PSA showed no improvement in specificity compared to the use of the f/t PSA ratio. 36 Indeed one study surprisingly reported it to be of decreased utility. 37 Recently a prospective study has been reported and though the numbers were small (only 51 men with cancer) ACT complexed PSA did outperform f/t PSA ratio with a specificity of 24.8% compared with 17.4%, although this was not statistically significant. 38 Clearly larger prospective studies are required to fully evaluate the place of this new investigation.
NOVEL MARKERS
Human kallikrein 2 PSA belongs to the human kallikrein gene family, and another member hK2 is also found very specifically in the prostate. Its amino acid sequence shares 80% homology with that of PSA. The physiological role of hK2 is less clear, though it also has protease activity and may be involved in the activation of PSA. 39 Initial immunohistochemical studies demonstrated that hK2 expression in prostate cancer cells was increased compared with benign tissue, 40 and it also correlated with higher Gleason grade.
The serum concentration of hK2 is approximately 100 times lower than that of PSA and so it has been important in the development of assays to ensure no cross reactivity. Also although hK2 does bind to serum proteins, unlike PSA 81%-96% is in the free form. 41 Initial studies showed an increase in serum hK2 in patients with prostate cancer but measuring hK2 alone was no more discriminatory than the use of PSA. 42 Subsequent work has looked into combining hK2 measurements with measurement of fPSA, and although retrospective these show some promise. Partin et al studied 937 men and found that using the hK2/fPSA ratio improved specificity over f/t PSA ratio. 43 Another study used the ratio hK2 × tPSA/fPSA and also showed improved specificity over the f/t PSA ratio alone. 44 Prostate specific membrane antigen PSMA is a transmembrane glycoprotein that is expressed on the surface of prostatic epithelial cells. It has been shown to be highly prostate specific, 45 46 and furthermore is expressed at higher levels in prostate cancer than in benign tissues. 47 As PSMA is a membrane-bound antigen its detection in serum implies the presence of circulating prostate cells. Initial clinical studies were focused on the possibility of detecting cancer cells in the circulation in order to improve cancer staging by indicating those men in whom the cancer is unlikely to be organ-confined. Although they show promise, the sensitivity of the test varies from 39% to 91% in the studies reported suggesting further refinement is required. 48 Serum levels of PSMA might be expected to be useful in the diagnosis of prostate cancer. Initial reports were based on the technique of western blotting, and while demonstrating increased expression in malignant compared with benign disease were not reliable for accurate quantitation and therefore not clinically applicable. 49 A recent study has reported a novel immunoassay that allows quantitation. 50 In men with a PSA of 4-10 ng/ml measuring PSMA was able to effectively differentiate those with BPH from those with cancer, although this was in a small number of patients (10 BPH and 17 cancer).
CONCLUSIONS
The diagnosis of prostate cancer was transformed 15 years ago with the introduction of the PSA test. Since that time a greater understanding of its behaviour and molecular biology has allowed refinements in its use such as those described in this article. While they show great promise none has yet become part of routine clinical practice. No doubt this reflects the relatively excellent sensitivity and specificity that PSA has as a tumour marker, making its use hard to improve on. Larger studies currently underway will confirm whether claims that complexed PSA has a higher specificity than the standard measurement will lead to it becoming the standard diagnostic test. It is clear that as consensus guidelines are developed for the management of prostate cancer it will be increasingly important to ensure that whatever diagnostic assay is used it is reproducible worldwide.
QUESTIONS (ANSWERS AFTER REFERENCES)
Q1. Prostate specific antigen is: 
